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Abstract—Grant-free random access (RA) with massive MIMO
is a promising RA technique with low signaling overhead that
provides significant benefits in increasing the channel reuse
efficiency. Since user equipment (UE) detection and channel
estimation in grant-free RA rely solely on the received preambles,
preamble designs that enable high success rate of UE detection
and channel estimation are very much in need to ensure the
performance gain of grant-free RA with massive MIMO. In
this paper, a super preamble consisting of multiple consecutive
preambles is proposed for high success rate of grant-free RA
with massive MIMO. With the proposed approach, the success
of UE detection and channel estimation for a RA UE depends on
two conditions: 1) it is a solvable UE; 2) its super preamble is
detected. Accordingly, we theoretically analyze the solvable rate
of RA UEs with multiple preambles and propose a reliable UE
detection algorithm to obtain the super preambles of RA UEs
by exploiting the quasi-orthogonality characteristic of massive
MIMO. Theoretical analysis and simulation results show that
turning a preamble into a super preamble consisting of two
or three shorter preambles, the success rate of UE detection
and channel estimation could be significantly increased using the
proposed approach.
Index Terms—Random access, Grant-free, Preamble design,
Massive MIMO, M2M.
I. INTRODUCTION
FUture wireless networks are expected to accommodatinga rapidly growing number of connected devices and han-
dling their respective data traffic, such as the Internet of Things
(loT) [1] [2]. As an important enabler of the loT, machine-to-
machine (M2M) communications have attracted considerable
attention from academia and industries. M2M communica-
tions are commonly characterized by a massive number of
intermittent active user equipments (UE) with small-sized
data payloads. To fulfilling the demand of massive access,
massive MIMO, which is a promising technique to greatly
increase capacity for future wireless communications [3]–[5],
is being considered to support M2M communications [6]–[9].
However, considering small data payloads, the conventional
request-grant random access (RA) procedure in Long Term
Evolution (LTE) is not efficient due to the significant signaling
overhead [11]–[14]. To minimize signaling overhead, grant-
free RA protocols, where UEs contend (i.e, perform random
access) directly with their uplink data payloads by transmitting
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preamble along with data, is being considered as an alternative
for M2M communications [15]. As a result, the radio resources
reserved in the request-grant procedure could be unleashed for
accommodating more RA UEs. With massive MIMO, the radio
resources saved by grant-free could be used for accommodat-
ing more UEs compared to single-antenna systems. Therefore,
grant-free RA with massive MIMO is being considered as a
compelling alternative for M2M communications [10].
Our previous works in [10] confirmed that massive MIMO
provides significant benefits for grant-free RA in increasing
the channel reuse efficiency, which enables multiple UEs to
access a single channel with grant-free data transmission. It is
also found that the performance of grant-free RA with massive
MIMO is mainly dominated by the number of orthogonal
preambles as long as the number of antennas is sufficiently
large [10]. The reason is that UE detection and channel esti-
mation in grant-free RA rely solely on the received preambles,
which is very different from the case of request-grant RA,
where UE detection could rely on the contention resolution
mechanism through protocol exchange and channel estimation
is carried out at the latter non-contention stage. For instance,
when preamble collision occurs in grant-free RA, i.e., multiple
RA UEs select the same preamble, the base station (BS) can
only detect one RA UE from this preamble and its channel
response would be incorrectly estimated. Consequently, the
data payloads of the RA UEs that involved in the preamble
collision are unlikely to be recovered. Moreover, the incorrect
channel responses lead to an incorrect beamforming pattern
(especially for zero-forcing beamforming), which would bring
in multiuser interference to other RA UEs and degrade the
error performance for all RA UEs as a result. Therefore,
preamble designs that enable UE detection and channel es-
timation with high success rate, to support recovery of the
following data packet, are very much in need to ensure the
performance gain of the grant-free RA with massive MIMO.
In this paper, we propose a multiple-preamble grant-free
RA approach with massive MIMO. In the uplink phase,
each RA UE transmits a super preamble, which consists
of L consecutive preambles, followed by a data payload.
The BS relies on the received super preambles to detect
the transmitting UEs, make channel estimations, and then
recover the data payloads. In each preamble phase, each RA
UE randomly selects a preamble sequence among a common
preamble sequence pool. To represent the super preambles that
the RA UEs select, a matrix with elements of zero and one is
formulated and referred to as preamble selection matrix. The
UE detection under the proposed approach is to obtain this
preamble selection matrix, which is equivalent to detecting
2the super preambles transmitted by the RA UEs. To fulfill
this objective, we propose a reliable UE detection algorithm
by exploiting the quasi-orthogonality characteristic of massive
MIMO. After the UE detection, channel estimation can be
easily obtained by matrix operations involving the inverse
of the preamble selection matrix. We demonstrate that the
probability that the preamble selection matrix is full row rank
is high with the proposed multiple-preamble approach, thus the
channel responses of the RA UEs can be acquired with high
success rate. Theoretical analysis and simulation results show
that turning a preamble into a super preamble consisting of two
or three shorter preambles, the success rate of UE detection
and channel estimation could be significantly increased using
the proposed approach.
The multiple-preamble structure in the proposed approach
is inspired by Code-expanded Random Access (CeRA) [16].
CeRA is a kind of request-grant RA protocol, where each RA
UE transmits a sequence of preambles as a codeword, called
as super preamble in this paper, instead of a single preamble to
request the access to the uplink radio resources. The BS detects
preambles at each preamble phase and take all combinations
of detected preambles as possible codewords the RA UEs sent.
Then, the BS sends a number of RA responses, each of which
corresponds to a possible codeword and a granted resource
for uplink data transmission. As a result, CeRA provides
a significant increase in the amount of available contention
resources, and enables the service of an increased number
of RA UEs. Different from CeRA, our aim is to make UE
detection and channel estimation directly from the received
super preambles with high success rate so that grant-free RA
with high performance gain is supported, without additional
protocol exchange.
The remainder of this paper is organized as follows. In
Section II, the multiple-preamble grant-free RA with massive
MIMO is briefly described. In Section III, analysis on the
solvable rate of RA UE (UEs) are detailed. In Section IV, the
UE detection algorithm with the support of massive MIMO is
proposed. Simulation results are presented in Section V and
the paper is concluded in Section VI.
Notations: Boldface lower and upper case symbols represent
vectors and matrices, respectively. In is the n × n identity
matrix. The ith row, the jth column and the ith row and the jth
column element of a matrix X are denoted by (X)i,−, (X)−,j
and (X)i,j , respectively. The transpose, conjugate-transpose
and the Moore-Penrose inverse of a matrix X are denoted by
XT , XH and X+, respectively. The modulus of a complex-
valued number x is denoted as |x| and the Euclidean norm of
a vector x is denoted as ||x||. We use C to denote spaces of
complex-valued numbers. x ∼ CN (0,Σ) indicates that x is a
symmetric complex Gaussian random vector with zero-mean
and covariance matrix Σ.
II. MULTIPLE-PREAMBLE GRANT-FREE RA MODEL
We consider a single cell massive MIMO network consisting
of an M -antenna BS and N single-antenna UEs, where the
N UEs are attempting random access simultaneously over a
same channel. As depicted in Fig. 1, each RA UE transmits
Preamble 1 Preamble 2  Preamble L Data payload
Fig. 1: The frame structure of multiple-preamble grant-free
RA
a super preamble, which consists of L consecutive preambles,
followed by a data payload. In each preamble phase, each
UE randomly selects a preamble sequence from a common
preamble sequence pool consisting of K orthogonal preamble
sequences. The preamble sequence pool is denoted as S =
[s1, s2, ..., sK ]
T ∈ CK×K , satisfying SSH = IK , where sk
(k = 1, 2, ...,K) is a preamble sequence of K symbols. We
assume the duration of the uplink RA frame is smaller than
the channel coherence interval so that the channel between
each RA UE and the BS could be described by a constant
channel response within a frame. We also assume the power
control is applied to keep the received power at the BS from
all RA UEs at approximately the same level. Therefore, the
preamble signal received at the M -antenna BS in preamble
phase l (l = 1, 2, ..., L), denoted by Yl ∈ CM×K , is given by
Yl = HPl +Nl, (1)
where (Yl)m,k is the k-th (k = 1, 2, ...K) sample at
the m-th (m = 1, 2, ...M ) antenna in preamble phase l,
H = [h1, ...,hN ] ∈ CM×N represents the uplink channel
response matrix from the N RA UEs to the BS, i.e., hn =
[hn,1, hn,2, ..., hn,M ]
T (n = 1, 2, ...N ) is the channel response
vector between UE n and the BS, where hn,m is the channel
response between UE n and the m-th antenna of the BS,
Pl = [p1,l,p2,l, ...,pN,l]
T ∈ CN×K is the preamble sequence
matrix transmitted by all the RA UEs in preamble phase l,
i.e., pTn,l is a row vector representing the preamble sequence
transmitted by UE n and it is equivalent to one of the row
vectors of S, Nl is the complex additive white Gaussian noise
matrix at the BS.
After the BS receives the preamble signal Yl, it correlates
Yl with S. The correlation result, denote by Bl ∈ CM×K , is
given by
Bl = YlS
H
= HPlS
H +NlS
H . (2)
Let Al = PlS
H , where Al ∈ CN×K and its elements
are either zero or one. A row vector of Al indicates the
preamble sequence selected by the corresponding RA UE in
the preamble phase l, i.e., if the n-th row and k-th column
element of Al equals to one, it indicates that UE n transmits
sk in preamble phase l. Then, Bl is rewritten as
Bl = HAl +Wl, (3)
where Wl = NlS
H .
Considering all the preamble phases, the correlation results
of the L preamble signals with S is given by
B = HA+W, (4)
where B = [B1,B2, ...,BL] ∈ CM×KL, A =
[A1,A2, ...,AL] ∈ CN×KL and W = [W1,W2, ...,WL] ∈
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Fig. 2: Preamble selection matrix with K = 4, L = 2, N = 3.
CM×KL. A is referred to as preamble selection matrix and
it could also be written as A = [aT1 , a
T
2 , ..., a
T
N ]
T , where
an ∈ C1×KL (n = 1, 2, ..., N ) is referred to as preamble se-
lection vector. Vector an consists of L sub-vectors with length
of K , i.e., an = [an,1, an,2, ..., an,L], where an,l ∈ C1×K and
each of the L sub-vectors indicates the preamble sequence
selected by UE n, i.e., if the k-th column of an,l equals to
one, it indicates that UE n transmits sk in preamble phase
l. To illustrate the preamble selection matrix and preamble
selection vector, an example is depicted in Fig. 2 with K = 4,
L = 2, N = 3. It is seen that UE 1 sends s1 in preamble
phase 1, thus a1,1 = [1, 0, 0, 0]. We also see that UE 2 sends
s1 in preamble phase 1 and s1 in preamble phase 2, which
corresponds to a2 = [1, 0, 0, 0, 1, 0, 0, 0].
Based on B obtained in (4), UE detection, i.e., super
preamble detection, is carried out to obtain the estimation of
the preamble selection matrix. The output of the UE detection
is denoted as Aˆ = [aˆT1 , aˆ
T
2 , ..., aˆ
T
Nˆ
]T ∈ CNˆ×KL, where
aˆn ∈ C1×KL (n = 1, 2, ..., Nˆ ) is the preamble selection
vector corresponds to the n-th UE detected by the BS and
Nˆ is the number of detected UEs. In general, Aˆ is not exactly
the same as A, instead it should consist of some of the row
vectors of A and few false preamble selection vectors. After
the UE detection, channel estimation is implemented with the
Moore-Penrose inverse of Aˆ, which is given by
Hˆ = BAˆ+, (5)
where Hˆ = [hˆ1, ..., hˆNˆ ] ∈ CM×Nˆ is the estimated channel
response matrix. Three situations could happen to a detected
UE, the n-th UE for instance, after channel estimation: 1) the
n-th detected UE is an actual transmitting UE and an is not a
linear combination of the other row vectors of A, then hˆn is a
valid channel estimation; 2) the n-th detected UE is an actual
transmitting UE but an is a linear combination of the other row
vectors of A, in this case hˆn could be erroneous; 3) the n-th
detected UE is a false UE, the Euclidean norm of hˆn would be
small in general and it thus could be identified and eliminated.
We define the RA UE that its preamble selection vector is not
a linear combination of the preamble selection vectors of the
other N − 1 RA UEs as a solvable user. Then, it is plain that
if a solvable user is detected, its channel estimation is valid.
The process at the BS of the proposed RA with super
preamble is summarized in Fig. 3. After collecting the L
preambles, UE detection is carried out to obtain the estimation
of the preamble selection matrix. Then, channel estimation
is implemented according to (5). Evaluating the Euclidean
norm of each estimated channel response, false UEs and their
UE
BS
Collecting L preambles
False UE elimination
Data recovery
UE
UE detection
Channel estimation
Fig. 3: The multiple-preamble grant-free RA procedure.
channel estimation could be identified and eliminated. With the
valid channel estimation, data recovery of detected solvable
RA UEs would be successful [10].
In summary, the success of UE detection and channel
estimation for a RA UE in the proposed approach mainly
depend on two conditions: 1) it is a solvable user; 2) its
super preamble is detected, i.e., its preamble selection vector
is contained in Aˆ. Therefore, single user success rate is
defined as the probability that one RA UE is solvable and
its super preamble is detected. We are also interested in the
all user success rate, which is defined as the probability that
the preamble selection matrix is full row rank and all the
super preambles are detected. Since the goal is to achieve high
success rate with the proposed approach, there are two issues
remained to be answered,
• Do multiple preambles increase the solvable rate ef-
fectively? The answer is yes and the analysis will be
presented in Section III.
• Designing a reliable UE detection method, which will be
proposed in Section IV.
III. SOLVABLE RATE ANALYSIS
In this section, the solvable rates of both single user and all
users are analyzed. In the analysis, N UEs simultaneously per-
form RA and each UE transmits a super preamble consisting of
L preambles. In each preamble phase, each RA UE randomly
selects a preamble sequence from a pool of K orthogonal
preamble sequences.
A. Single User Solvable Rate
Single user solvable rate is defined as the probability that
the preamble selection vector of one RA UE is not a linear
4combination of the preamble selection vectors of other simul-
taneous RA UEs and denoted by P
′
solvable(K,L,N). When
N < 4, we derive the exact expression of P
′
solvable(K,L,N).
When N ≥ 4, we derive an upper bound and a lower bound
for P
′
solvable(K,L,N). We take UE N as the target UE for
the analysis of P
′
solvable(K,L,N).
When N = 1, P
′
solvable(K,L, 1) = 1.
When N = 2, if and only if a2 is different from a1, UE 2 is
solvable. Thus, P
′
solvable(K,L, 2) = 1− 1KL , where 1KL is the
probability that UE 2 chooses a specific preamble selection
vector, i.e., the vector equal to a1.
When N = 3, if and only if a3 is different from both a1
and a2, UE 3 is solvable. The reason is explained as follows.
If UE 3 is a linear combination of a2 and a1, i.e.,
a3 = q1a1 + q2a2, (6)
where q1 and q2 are not all zeros, we have that
a3,l = q1a1,l + q2a2,l, for l = 1, 2, ..., L. (7)
As only one element of aTi,l equals to one and the rest elements
are all zeros, there are three possibilities for q1 and q2: 1)
q1 = 1 and q2 = 0, i.e., a3,l = a1,l for all l, thus a3 = a1; 2)
q1 = 0 and q2 = 1, i.e., a3,l = a2,l for all l, thus a3 = a2;
3) q1 6= 0 and q2 6= 0, i.e., a3,l = a2,l = a1,l for all l, thus
a3 = a2 = a1. As a conclusion, if a3 6= a1 and a3 6= a2, UE
3 is solvable. As the probability that a3 is different from a1
(and a2) is 1− 1KL , P
′
solvable(K,L, 3) = (1− 1KL )2.
When N ≥ 4, we derive an upper bound and a lower bound
as follows.
The probability that aN is distinct from {a1, a2,..., aN−1},
i.e., none of {a1, a2,..., aN−1} is the same as aN , is one upper
bound for P
′
solvable(K,L,N) and it is expressed as
P
′
U (K,L,N) = (1−
1
KL
)N−1. (8)
The simulation results in section V will show that
P
′
U(K,L,N) is a very good approximation for
P
′
solvable(K,L,N).
To derive the lower bound, we give a proposition firstly in
the following.
Proposition 1. The number of choices of aN , satisfying the
condition that aN is a linear combination of a1, a2,..., aN−1,
is no larger than
(⌈N−12 ⌉)L.
Proof. If aN is a linear combination of a1, a2,..., aN−1, i.e.,
aN = q1a1 + q2a2 + ...+ qN−1aN−1, (9)
where q1, q2,..., qN−1 are not all zeros, we have
aN,l = q1a1,l + q2a2,l + ...+ qN−1aN−1,l, (10)
for preamble phase l = 1, 2, ..., L. Let q1, q2,..., qN ′ be the
nonzero elements of {q1, q2,..., qN−1} in (10) without of loss
of generality, where N
′ ≤ N − 1. Then, (10) is rewritten as
aN,l = q1a1,l + q2a2,l + ...+ qN ′aN ′ ,l. (11)
Please be noted that there is only one element in an,l
(n = 1, 2, ..., N ) equal to one and the rest elements are
all zeros. Based on this fact, we define base vectors among
{a1,l, a2,l, ...,aN ′ ,l} be a group of vectors that each of them
differs from the others and each of {a1,l, a2,l, ...,aN ′ ,l} is
equivalent to one of them. The number of base vectors among
{a1,l, a2,l, ...,aN ′ ,l} is denoted as Nb. We also define unique
vectors among {a1,l, a2,l, ...,aN ′ ,l} be a group of vectors that
each of them differs from the other N
′ − 1 vectors of {a1,l,
a2,l, ...,aN ′ ,l}. The number of unique vectors among {a1,l,
a2,l, ...,aN ′ ,l} is denoted as Nu. Then, according to these
definitions, it is not difficult to see that
Nb ≤
⌊
(N
′ −Nu)/2
⌋
+Nu. (12)
It is noted that Nu must be no larger than one in order
to satisfy (11), which is proved in the followings. Assuming
that the unique vectors among {a1,l, a2,l, ...,aN ′ ,l} is {a1,l,
a2,l,..., aNu,l} without of loss of generality, i.e., each an,l
(n = 1, 2, ..., Nu) is different from the other N
′ − 1 vectors
of {a1,l, a2,l, ...,aN ′ ,l}. Then, (11) is rewritten as
aN,l = q1a1,l + q2a2,l + ...+ qNuaNu,l + g, (13)
where
g = qNu+1aNu+1,l + ...+ qN ′aN ′ ,l. (14)
Apparently, there is no overlap between the nonzero elements
of g and the nonzero elements of q1a1,l + q2a2,l + ... +
qNuaNu,l, since each of {a1,l, a2,l,..., aNu,l} is unique. As q1,
q2,..., qNu are all not zeros, the right of (13) contains at least
Nu nonzero elements. As there is only one nonzero element
in aN,l, Nu must be no larger than one in order to hold (13).
Due to (12) and Nu ≤ 1, we have Nb ≤ ⌈N ′/2⌉, i.e., the
number of base vectors among {a1,l, a2,l, ...,aN ′ ,l} must be
no larger than ⌈N ′/2⌉.
As N
′ ≤ N − 1, Nb is no larger than ⌈N−12 ⌉.
As aN,l has to be equivalent to one of base vectors among
{a1,l, a2,l, ...,aN ′ ,l} (otherwise (10) never holds), the number
of choices of aN,l satisfying (10) is no larger than ⌈N−12 ⌉.
Considering the super preamble, the number of choices of
aN satisfying (9) is no larger than
(⌈N−12 ⌉)L.
We conclude the proof.
According to the proposition, we have that
1− P ′solvable(K,L,N) ≤
(⌈N−12 ⌉)L
KL
, (15)
then,
P
′
solvable(K,L,N) ≥ 1−
(⌈N−12 ⌉)L
KL
. (16)
As a consequence, we obtain the lower bound for
P
′
solvable(K,L,N) as
P
′
L(K,L,N) = 1−
(⌈N−12 ⌉)L
KL
. (17)
Please be noted that P
′
L(K,L,N) is a very loose lower bound
for P
′
solvable(K,L,N) as we do not consider the constraint that
aN,l must satisfy (10) with a same set of {q1, q2,..., qN−1}
for all l in the derivation. If we take into consideration of this
5constraint, the number of choices of aN satisfying (9) should
be much less than
(⌈N−12 ⌉)L.
Remark 1. It is clear from (17) that
(
⌈N−1
2
⌉
)L
KL
approaches
to zero rapidly as L increases under the condition that K ≫
⌈N−12 ⌉, i.e., the lower bound of P
′
solvable(K,L,N) approaches
to one effectively as L increases. Therefore, it is concluded
that using multiple preambles is very effective in increasing
P
′
solvable(K,L,N).
B. All User Solvable Rate
All user solvable rate is defined as the probability that A
is full row rank, and denoted by Psolvable(K,L,N). When
N < 4, we derive the exact expression of Psolvable(K,L,N).
When N ≥ 4, we derive an upper bound and a lower bound
for Psolvable(K,L,N).
When N = 1, Psolvable(K,L, 1) = 1.
When N = 2, if and only if a1 6= a2, UE1 and UE 2 are
both solvable. Thus, Psolvable(K,L, 2) = 1− 1KL .
When N = 3, if and only if a1, a2, a3 are different from
each other, UE 1, UE 2 and UE 3 are all solvable. Thus,
Psolvable(K,L, 3) = (1− 1KL )(1− 2KL ).
When N ≥ 4, we derive an upper bound and a lower bound
as follows.
The probability that a1, a2,..., aN are different from each
other is one upper bound for Psolvable(K,L,N) and it is given
as
PU(K,L,N) =
(KL − 1)(KL − 2)(KL − 3)...(KL − (N − 1))
K(N−1)L
. (18)
The simulation results in section V will show that
PU(K,L,N) is a very good approximation for
Psolvable(K,L,N).
If the matrix [a1, a2, ..., aN−1] is full row rank and aN is
not a linear combination of a1, a2,..., aN−1, A is full row
rank. Thus, Psolvable(K,L,N) can be expressed as
Psolvable(K,L,N) =
Psolvable(K,L,N − 1)
(
1− P ′′(K,L,N)), (19)
where P
′′
(K,L,N) is the probability that aN is a linear
combination of a1, a2,..., aN−1 under the condition that the
matrix [a1, a2, ..., aN−1] is full row rank. Proposition 1 also
applies to estimation of P
′′
(K,L,N), then we have that
P
′′
(K,L,N) ≤
(⌈N−12 ⌉)L
KL
. (20)
Combining (19) and (20), we have that
Psolvable(K,L,N) ≥
Psolvable(K,L,N − 1)
(
1−
(⌈N−12 ⌉)L
KL
)
. (21)
Since the exact expression of Psolvable(K,L, 3) is available,
(21) is further derived as
Psolvable(K,L,N) ≥
Psolvable(K,L, 3)
(
1−
(⌈ 4−12 ⌉)L
KL
)
...
(
1−
(⌈N−12 ⌉)L
KL
)
.
(22)
Thus, we obtain the lower bound for Psolvable(K,L,N) as
PL(K,L,N) =
Psolvable(K,L, 3)
(
1−
(⌈ 4−12 ⌉)L
KL
)
...
(
1−
(⌈N−12 ⌉)L
KL
)
.
(23)
Remark 2. Similar to the case of single user solvable rate,
it is concluded that using multiple preambles is very effective
in increasing Psolvable(K,L,N).
IV. UE DETECTION WITH THE SUPPORT OF MASSIVE
MIMO
In each preamble phase, the BS is able to detect the pream-
bles by performing the following operation: if the Euclidean
norm of the kth column vector of Bl in (2) is higher than
a predefined threshold, the BS would determine that at least
one UE has transmitted the preamble sequence sk in preamble
phase l. However, with single antenna or small number of
antennas, the BS is unable to determine which two preamble
sequences that respectively belong to two different preamble
phases are transmitted by a same RA UE. In other words, it is
difficult for the BS to detect the super preamble of a RA UE,
i.e., obtaining the preamble selection vector of the RA UE.
It is very different in the case of massive MIMO, where
the channels of any two RA UEs are quasi orthogonal, i.e.,
have close-to-zero spatial correlation. On the other hand,
the preamble signals that transmitted by one RA UE in
two different preamble phases, may be different sequences,
should be strongly correlated in space, in the case of massive
MIMO. By exploiting this quasi-orthogonality characteristic,
the BS is able to determine which two preamble sequences
that respectively belong to two different preamble phases are
transmitted by one RA UE.
For preamble phase l and l
′
, where l < l
′
(l, l
′ ∈
{1, 2, ..., L}), we correlate Bl with Bl′ , where Bl and Bl′
could be obtained according to (2). The correlation result of
Bl and Bl′ , denoted by Cl,l′ ∈ CK×K , is given by
Cl,l′ = B
H
l Bl′ . (24)
Using (3), we have that
Cl,l′ = A
H
l H
HHAl′ +A
H
l H
HWl′+
WHl HAl′ +W
H
l Wl′ . (25)
Considering that Wl and Wl′ are independent from H,
AHl H
HWl′ and W
H
l HAl′ should be much less than
AHl H
HHAl′ in average power as the gain of massive MIMO
is high, thus AHl H
HWl′ and W
H
l HAl′ could be ignored.
Also considering thatWl is independent fromWl′ ,W
H
l Wl′
should also be much less than AHl H
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Fig. 4: A and C12 with K = 3, L = 2, N = 3.
as the gain of massive MIMO is high. Thus, WHl Wl′ could
also be ignored. Then, we have the approximation as
Cl,l′ ≈ AHl HHHAl′ . (26)
In massive MIMO system, the channels of any two uplink
RA UEs could be assumed quasi orthogonal, i.e., HHH ≈ I.
Then, (26) is rewritten as
Cl,l′ ≈ AHl Al′ , (27)
where the µ-th row and ν-th column element of Cl,l′ is
(Cl,l′ )µ,ν ≈
(
(Al)−,µ
)H
(Al′ )−,ν . (28)
If UE n transmits the µ-th preamble sequence at preamble
phase l and the ν-th preamble sequence at preamble phase l
′
,
(Al)−,µ and (Al′ )−,ν both have an element with value of one
in the n-th row. Then, it is a high probability that (Cl,l′ )µ,ν
is large, here we consider (Cl,l′ )µ,ν as large if |(Cl,l′ )µ,ν |
is larger than a predefined threshold. We will discuss how
to set this threshold in the following paragraphes. Based on
this observation, we could use (Cl,l′ )µ,ν , 1 ≤ µ, ν ≤ K , to
determine which two preamble sequences are transmitted by
UE n respectively in preamble phase l and l
′
.
To further illustrate (28), an example is depicted in Fig.
4 with L = 2, K = 3, N = 3. It is observed that UE
1 transmits the 1-st preamble sequence at preamble phase 1
and the 2-nd preamble sequence at preamble phase 2, hence
(C1,2)1,2 is large, where (C1,2)1,2 =
(
(A1)−,1
)H
(A2)−,2.
We also observe that UE 2 transmits the 1-st preamble
sequence at preamble phase 1 and the 1-st preamble se-
quence at preamble phase 2, hence (C1,2)1,1 is large, where
(C1,2)1,1 =
(
(A1)−,1
)H
(A2)−,1. For UE 3, we have the
similar observation as UE 1 and UE 2. As each large Cl,l′
corresponds to a RA UE, we could use Cl,l′ to determine
which two preamble sequences from two different preamble
phases are transmitted by one RA UE, i.e., we could use C1,2
to acquire the preamble selection vector of each RA UE in
Fig. 4. For example, (C1,2)1,1 = 1 indicates that one UE
transmits the 1st preamble sequence in preamble phase 1 and
the 1st preamble sequence at preamble phase 2. Therefore, we
could acquire a preamble selection vector as [1, 0, 0, 1, 0, 0].
Similarly, we could also acquire a preamble selection vector
as [1, 0, 0, 0, 1, 0] corresponding to (C1,2)1,2 and a preamble
selection vector as [0, 0, 1, 1, 0, 0] corresponding to (C1,2)3,1.
With these three preamble selection vectors, we could form Aˆ
as
Aˆ =

 1 0 0 1 0 01 0 0 0 1 0
0 0 1 1 0 0

 . (29)
It is obvious that Aˆ could be a row switching transformation
of A.
For any L ≥ 2, let {θ1, θ2, ..., θL} denote the indexes of the
preamble sequences that one UE transmits in the L preamble
phases, where θl ∈ {1, 2, ...,K} for l = 1, 2, ..., L. Then, it is
a high probability that
|(Cl,l′ )θl,θl′ | > TH, for all l and l
′
, (30)
where l < l
′
, l, l
′ ∈ {1, 2, ..., L} and TH represent the
threshold. On the other hand, if there is no UE transmit
the θl-th preamble sequence at the l-th preamble phase and
the θl′ -th preamble sequence at the l
′
-th preamble phase,
|(Cl,l′ )θl,θl′ | approximately equals to zero due to the spatial
quasi-orthogonality between channels of different UEs. Thus,
it is not difficult to find a proper threshold (TH) to separate
these two cases.
Based on (30), the UE detection at the BS is simply the
exhaustive search among all theKL choices of {θ1, θ2, ..., θL}
to pick out the choices that satisfy (30), each of which
corresponds to the preamble selection vector of a possible
RA UE. With the obtained preamble selection vectors, Aˆ
is formed, which is an estimation of the preamble selection
matrix. The details of the proposed UE detection algorithm
are presented as Algorithm 1.
Algorithm 1 UE detection
Input: K , L, B, TH;
1: n = 1
2: for θ1 = 1 to K; θ2 = 1 to K; . . . ; θL = 1 to K do
3: if {θ1, θ2, ..., θL} satisfies (30) then
4: Add a new row to Aˆ and initialize it to all zeros:
(Aˆ)n,− = 0 ∈ C1×KL
5: for l = 1 to L do
6: (Aˆ)n,θl+(l−1)K = 1
7: end for
8: n = n+ 1
9: end if
10: end for
Output: Aˆ
A key issue of the proposed algorithm is how to set TH.
If TH is set too high, the preamble selection vectors of some
RA UEs may not be contained in Aˆ, which results in miss
detection. If TH is set too low, Aˆ may contain some false
preamble selection vectors, which results in false detection. As
we mentioned before in Section II, the false preamble selection
vectors could be identified and eliminated, as the column of Hˆ
in (5) that corresponds to any false preamble selection vector
has a Euclidean norm close to zero. Therefore, a lower TH
is preferred in the proposed algorithm to guarantee low miss
rate.
7TABLE I: Simulation Parameters
Number of antennas M 128
Number of preamble phases L 1 ∼ 6
Number of orthogonal preamble
sequences K
8 ∼ 48
Number of simultaneous RA UEs N 1 ∼ 20
SNR 0 ∼ 20 dB
TH 0.4
Finally, after we obtain the estimation of the preamble
selection matrix, the channel estimation of the solvable RA
UEs can be obtained according to (5).
V. NUMERICAL RESULTS
In this section, numerical results are presented to verify
the effectiveness of the proposed multi-preamble approach, in
terms of the solvable rate, the success rate and the normalized
mean square error (NMSE) performance of channel estimation.
Single user success rate is defined as the probability that one
RA UE is solvable and its super preamble is detected, which
is denoted as P
′
success. All user success rate is defined as the
probability that the preamble selection matrix is full row rank
and all the super preambles are detected, which is denoted as
Psuccess. The NMSE of channel estimation is defined as
NMSE =
mean
(‖hˆn − hn‖2)
mean
(‖hn‖2) , (31)
where hˆn is the channel estimation result of the n-th successful
RA UE and hn is the actual channel of this UE. In simulations,
NMSE results are averaged over 105 Monte Carlos trials. The
signal to noise ratio (SNR) is defined as the preamble to noise
power ratio at each antenna port of the BS. TH of UE detection
is set as 0.4. The simulation parameters are summarized in
Table I.
We consider two different massive MIMO channel models
in the simulations:
1) Independent Rayleigh fading Channel: Propagation be-
tween theM base station antennas andN RA UEs is described
by an matrix
√
1/MH ∈ CM×N , where the entries of H
are independent CN (0, 1) random variables and the coefficient√
1/M normalizes the expected power of the channel response
vector to 1, i.e., E{‖hn‖2} = 1. Here, CN (0, 1) denotes
circularly-symmetric complex Gaussian distribution with zero-
mean and unit-variance.
2) Spatially Correlated Rayleigh Fading Channel: Spa-
tially correlated Rayleigh fading is a more realistic channel
model, which has been widely used in MIMO systems for
analysis and simulations [17] [18]. The channel response
between the BS and an arbitrary RA UE is modelled by
h ∈ CM , which is given by,
h =
1√
M
Rv, (32)
where h stands for small scale fading vector between UE and
BS,R ∈ CM×Q is antenna correlation matrix, v ∼ CN (0, IQ)
is independent fast-fading channel vector, where Q is the
number of independently faded paths.
TABLE II: Simulation Parameters of Spatially Correlated
Fading Channel
Number of faded paths Q 50
Antenna spacing ω 1/2
Angle spread φS 40
◦
Azimuth angle φA
uniform distribution
within (−180◦, 180◦]
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For a uniform linear array, R = [r(φ1), . . . , r(φQ)] is
composed of the steering vector r(φq) defined as
r(φq) =
1√
Q
[1, e−j2piω cos(φq), . . . , e−j2piω(M−1) cos(φq)]T ,
(33)
where φq (q = 1, . . . , Q) is the angle of arrival (AOA) of the
qth path, which is uniformly generated within [φA− φS2 , φA+
φS
2 ]. And φA and φS are defined as the azimuth angle of the UE
location and the angle spread, respectively. ω is the antenna
spacing in multiples of the wavelength. The parameters of
spatially correlated Rayleigh fading channel are given in Table
II.
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Fig. 7: P
′
solvable versusN with different L under the constraint
that KL = 48.
1 2 3 4 5 6 7 8 9 10 15 20
Number of RA UEs ( N)
0.98
0.982
0.984
0.986
0.988
0.99
0.992
0.994
0.996
0.998
1
A
ll 
U
se
r S
ol
va
bl
e 
Ra
te
L=1,K=48
L=2,K=24
L=3,K=16
L=4,K=12
L=6,K=8
Fig. 8: Psolvable versusN with different L under the constraint
that KL = 48.
A. Solvable Rate
In Fig. 5, the simulated single user solvable rate, derived
upper bound and lower bound are presented for different sets
ofK and L. The upper bound and lower bound are respectively
obtained via (8) and (17) in Section III. It is observed that
although the lower bound is loose, it approaches to one as
L increases. It is also observed that the upper bound is very
tight, thus it could be used as a good approximation of the
single user solvable rate. From these observations, we could
conclude that adding preambles is very effective in increasing
the single user solvable rate. We also present the simulated all
user solvable rate, derived upper bound and lower bound in
Fig. 6 and similar observations are obtained.
B. Multiple Preambles versus Single Preamble
In Fig. 7, the length of the super preamble remains un-
changed as 48 (i.e., KL = 48) and the simulation results
of P
′
solvable are plotted as a function of N with different L.
We see that when L = 1, which respresent the traditional
single preamble case, the BS can only serve one RA UE
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Fig. 9: P
′
success under independent rayleigh fading channel
with M = 128 and SNR = 0 dB.
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Fig. 10: Psuccess under independent rayleigh fading channel
with M = 128 and SNR = 0 dB.
at P
′
solvable = 0.99. When L = 2, the number of RA
UEs that the BS can simultaneously serve increases to 6 at
P
′
solvable = 0.99, which is about six times that of L = 1.
Further increasing L, the number of RA UEs that the BS can
serve at P
′
solvable = 0.99 keeps rising. It worth noting that
the total preamble resources are kept unchanged for different
L in the simulations, i.e., the total length of preambles is
unchanged (KL = 48). From these observations, we conclude
that using the proposed multi-preamble approach, higher single
user solvable rate could be achieved by breaking a single
preamble into multiple preambles of shorter length. We also
present the simulation results of Psolvable with constant KL
in Fig. 8 and similar observations are obtained.
C. Success Rate
In Fig. 9, the simulation results of P
′
success are presented as
a function of N with different L under independent rayleigh
fading channel and SNR = 0 dB. To demonstrate the perfor-
mance of the proposed UE detection algorithm, Fig. 9 also
includes the simulated P
′
solvable with L = 2 and L = 3.
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Fig. 11: P
′
success under spatially correlated fading channel with
M = 128 and SNR = 0 dB.
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Fig. 12: Psuccess under spatially correlated fading channel with
M = 128 and SNR = 0 dB.
The gap between the curves P
′
success and P
′
solvable is the
probability that the BS fails to detect the super preamble of a
solvable RA UE. Therefore, a smaller gap indicates a lower
miss UE detection rate. It is observed that when L = 2, the
curve of P
′
success coincides with the curve of P
′
solvable. When
L = 3, the curve of P
′
success is also very tight to the curve
of P
′
solvable. These results show that the proposed algorithm
has very good performance in UE detection under independent
rayleigh fading channel, due to the quasi-orthogonality among
channels of RA UEs. Simulations under independent rayleigh
fading channel for Psuccess and Psolvable are presented in Fig.
10 and similar observations are obtained.
To further evaluate the success rate performance of the
proposed multiple preamble approach, a more realistic channel
model, i.e., the spatially correlated fading channel, is con-
sidered in Fig. 11 and 12. Comparing Fig. 11 to Fig. 9, it
is observed the success rate remains the same when L = 2
however degrades when L = 3. The degradation is due to the
reason that the increased channel spatial correlations among
antennas cause certain loss of the quasi-orthogonality among
UEs. Although the UE detection performance of the proposed
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Fig. 13: Channel estimation performance under spatially cor-
related fading channel with L = 3, K = 16 and M = 128.
algorithm decreases under spatially correlated fading channel,
we still observe that the number of RA UEs that the BS can
serve is as high as 19 at P
′
success = 0.99, which is more than
three times that of L = 2 and more than ten times that of single
preamble. Please be noted that in all these simulations, KL
is kept constant, i.e., the total length of preambles are kept
constant and the only variation is the number of preambles
that we break the total length into. Similar observations are
obtained when comparing Fig. 12 to Fig. 10.
In conclusion, the proposed UE detection algorithm pro-
vides satisfactory performance that enables the high success
rate of RA with massive MIMO and super preamble with
L = 2 and L = 3.
D. NMSE Performance of Channel Estimation
Fig. 13 presents the NMSE performance of channel estima-
tion with the super preambles vs. SNR with different number
of simultaneous RA UEs under spatially correlated fading
channel. We see that the NMSE increases as the number of
simultaneous RA UEs N increases, which is due to the fact
that the super preambles of RA UEs are not orthogonal in
general. Nevertheless, the increase of NMSE is rather slight
in average, where it is about 1dB when N = 7.
VI. CONCLUSIONS
In this paper, a super preamble consisting of L consecutive
preambles, along with the UE detection and channel estimation
method, is proposed for high success rate of grant-free RA
with massive MIMO. We theoretically analyzed the solvable
rate of RA UEs with multiple preambles, and simulation
results verified the accuracy of the analysis and confirmed that
multiple preambles are very effective in increasing solvable
rate. It was also shown that the proposed UE detection algo-
rithm provides satisfactory performance that enables the high
success rate of RA with massive MIMO and super preamble
with L = 2 and L = 3. Specifically, turning a preamble into a
super preamble consisting of two or three shorter preambles,
without increasing preamble resources, the success rate of
10
grant-free RA could be significantly increased, with the help
of massive MIMO.
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